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013.07.0Abstract According to large coverage of satellites, there are various channel states in a satellite
broadcasting network. In order to introduce an efﬁcient rateless transmission method to satellite
multimedia broadcasting/multicast services with ﬁnite-length packets, a cross-layer packet transmis-
sion method is proposed with Luby transform (LT) codes for efﬁciency in the network layer and low
density parity check (LDPC) codes for reliability in the physical layer jointly. The codewords gen-
erated from an LT encoder are divided into ﬁnite-length packets, which are encoded by an LDPC
encoder subsequently. Based on noise and fading effects of satellite channels, the LT packets
received from an LDPC decoder either have no error or are marked as erased, which can be mod-
eled as a binary erasure channels (BECs). By theoretical analysis on LT parameters and LDPC
parameters, the relationships between LDPC code rates in the physical layer and LT codes word
lengths in the network layer are investigated. With tradeoffs between the LT codes word lengths
and the LDPC code rates, optimized cross-layer solutions are achieved with a binary search algo-
rithm. Veriﬁed by simulations, the proposed solution for cross-layer parameters design can provide
the best transmission mode according to satellite states, so as to improve throughput performance
for satellite multimedia transmission.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
As an important part of next-generation Internet, satellite net-
works are expected to provide multimedia data transmission
and high-speed Internet access services. Fountain codes are1 86413513x8123.
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orial Committee of CJA.
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10attractive for satellite multimedia broadcast and multicast
services.1–3 Fountain codes can produce limitless encoded
packets for a decoder to recover source data until an acknowl-
edgement is received from a receiver. Designed for binary era-
sure channels (BECs) with ﬁxed and known erasure rates,
Luby transform (LT) codes4,5 and Raptor codes6–8 are the
two most widely used fountain codes. Raptor codes have been
standardized as a forward error correction (FEC) solution to
support ﬁle downloading services of multimedia broadcast/
multicast services (MBMS) of third-generation partnership
program (3GPP).9–12
For satellite MBMS transmission, channel coding is re-
quired to provide protection against fading and noise. Turbo
codes in the physical layer and Raptor codes in the applicationSAA & BUAA. Open access under CC BY-NC-ND license.
1270 Z. Wang et al.layer are included in MBMS.13–15 In order to analyze multi-
layer packet transmission theoretically, an analysis framework
is proposed for coding and throughput optimization based on
information theory,16 where a ﬁxed erasure probability in the
physical layer is assumed. Without addressing the connection
between the physical layer and the network layer, a multi-lay-
ered communication system is studied based on information
theory for lossy packet networks in Ref.17. In Refs.18,19, the
decoding failure probability of LT codes in the network layer
caused by the lack of degree-one packets is emphasized with-
out consideration of quality of service (QoS) issues. For
requirements of reliability and efﬁciency of MBMS, FEC cod-
ing in the network layer and the physical layer needs to be de-
signed jointly according to time-varying satellite channels.
With various decoding failure probability, the number of en-
coded LT packets required to complete LT decoding is different.
With header information and cyclic redundancy check (CRC),
each LT packet constitutes a ﬁnite-length packet as the input of
an LDPC encoder. In the physical layer, an LDPC encoder with
different code rates Rc can generate various lengths of codewords.
Obviously, LDPC codes with a lower code rate can provide more
reliable transmission, but cause a lower system throughput. By
considering both the decoding failure probability d of LT codes
in the network layer and the LDPC code rate Rc in the physical
layer, cross-layer optimization needs to be investigated for trade-
off between throughput and transmission reliability.
In this paper, a cross-layer packet transmission scheme is
proposed with a combination of LT codes in the network layer
and LDPC codes in the physical layer. Firstly, ﬁnite codeword
length constraints in the network layer and the physical layer
are studied for throughput optimization. Secondly, optimal
parameters for LT codes and LDPC codes are investigated
jointly. Finally, the relationships among these parameters are
discussed to propose cross-layer optimization to achieve the
best overall system throughput performance.
The rest of the paper is organized as follows. Section 2 pre-
sents the systemmodel of cross-layer satellitemultimedia broad-
casting. In Section 3, the cross-layer scheme is proposed with
joint design of LT codes in the network layer and LDPC codes
in the physical layer for throughput optimization. Simulation
and result analysis are discussed with throughput performances
in Section 4. Section 5 presents conclusions and future works.Fig. 1 Structure of packet and frame.2. System model
The cross-layer satellite multimedia broadcasting is modeled as
a single transmitter attempting to deliver a message to single orFig. 2 System model of cmultiple users. The message symbols are divided into data
frames. The packet and frame structures are depicted in Fig. 1.
Each data frame contains total K source symbols
S= {s1, s2,. . ., sK}, which are encoded by an LT encoder to
generate a packet with Lc encoded symbols. A packet header
information (Ph symbols) and CRC (PCRC symbols) are added
to each of these Lc encoded symbols to form a packet of length
Ls, and Ls = Lc + Ph + PCRC. Then, each packet is encoded
by an LDPC encoder with a code rate Rc, so that a linear block
codeword C of length Nt is obtained, where Nt = Ls/Rc. After
that, the codeword C is modulated for transmission over
satellite channels.
The system diagram is illustrated in Fig. 2. For each
frame, the transmitter keeps sending packets until either the
acknowledgements from all the intended receivers are received
or the allowed maximum number of packets is reached. Then,
the transmitter starts to send the next frame. For receivers, the
LDPC codewords are decoded ﬁrstly. If a received codeword
over GF(2) does not meet the requirements of LDPC decoding,
it is assumed to be invalid and dropped as an erasure. Further-
more, CRC is introduced to successfully decoded LDPC pack-
ets for undetected errors. If CRC fails, the entire packet would
be dropped. Then, the correctly decoded packet is delivered to
the LT decoder to retrieve the original source symbols. Once
the receiver decodes the frame successfully, an acknowledge-
ment is sent back to the transmitter.
In this paper, satellite multimedia broadcasting is modeled
with some assumptions as below. Firstly, the satellite channel
is a block fading model. The fading coefﬁcient h in one packet
remains constant and varies independently between successive
packets. Secondly, all the satellite channels are spatially inde-
pendent with no interference. Thirdly, CRC error detection
is perfect to make sure that there are no undetected errors. Fi-
nally, as the introduced redundancy is negligible compared
with the number of payload symbols, the header informationross-layer transmission.
(a) c0.05, 0.01 ( 1.27524, 638)c Z Lδ= = = =
(b) c0.05, 0.1 ( 1.17320, 587)c Z Lδ= = = =
(c) c0.05, 0.5 ( 1.11556, 558)c Z Lδ= = = =
(d) c0.05, 0.9 ( 1.09742, 549)c Z Lδ= = = =
Fig. 3 Number of packets Lc required to recover a ﬁle of
K= 500 packets.
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throughput calculation.
The system throughput is deﬁned in term of the average
number of message symbols transmitted per channel symbol.
Therefore, the system throughput can be calculated as
Ts ¼ K
Nt
 RLDPC  RLT ð1Þ
where RLDPC is the ratio of the correctly decoded packets by
the LDPC decoder and RLT is the ratio of the successfully
recovered messages from the LT decoder. It is attractive to
investigate key parameters in the network layer and the phys-
ical layer, which inﬂuence the system throughput dramatically.
2.1. LT codes design in the network layer
For the network layer, the robust Soliton degree (RSD) distri-
bution is introduced in LT codes design. Hence, the number of
source symbols involved in generating a coded symbol is deter-
mined by a predetermined check node degree d from RSD,
where the degree distribution can be expressed as
dðxÞ ¼
Xdmax
j¼1
qjx
j ð2Þ
where dmax is the maximum degree obtained from the RSD
distribution and qj denotes the fraction of check nodes.Xdmax
j¼1
qj ¼ 1 qj 2 ð0; 1Þ ð3Þ
As d source symbols are uniformly chosen from s1, s2, . . ., sK
(as shown in Fig. 1) to form an encoded symbol of an LT en-
coded codeword, the variable node degrees s(x) follow a Pois-
son distribution:
sðxÞ 
Xsmax
i¼1
six
i ð4Þ
where smax is the maximum variable node degree and si is the
fraction of variable nodes of degree i, which is given by
si ¼ e
k
i!
ð5Þ
To ensure the decoding can run to completion, with a prob-
ability of at least 1d, the number of encoded packets Lc has
to be Lc = K · Z, where Z ¼
P
dqðdÞ þ sðdÞ. q(d) and s(d) are
given by
qð1Þ ¼ 1=K
qðdÞ ¼ 1=dðd 1Þ d ¼ 2; 3;   K

ð6Þ
sðdÞ ¼
ðS=KÞ  ð1=dÞ d ¼ 1; 2;    ;K=S
ðS=KÞ  lnðS=dÞ d ¼ K=S
0 d > K=S
8><
>: ð7Þ
S  c
ﬃﬃﬃﬃ
K
p
lnðK=dÞ ð8Þ
where c is a constant of order 1, which can be viewed as a free
parameter c e (0, 1).
Fig. 3 shows the histograms of the actual numbers of pack-
ets required for a couple of settings of the parameter d. The
length of the encoded codeword can be expressed as
Lc ¼ Kþ 2S lnðS=dÞ ð9ÞAfter that, CRC and header information are added to form
a codeword of length Ls. The encoded symbols of length Ls are
the input symbols of an LDPC encoder. The two-step coding
scheme is deﬁned as a composition of linear mappings as
K !LT Lc !CRC Ls !LDPC C.
1272 Z. Wang et al.At the receiver side, inverse operations are applied. Without
considering congestion and packet loss due to memory over-
ﬂow, there are two factors to determine the overall system
throughput. Firstly, due to the transmission error in the phys-
ical layer, the transmitted codes words are erased with certain
probability. Secondly, the received packet may not be able to
be decoded due to the absence of a degree-one encoded sym-
bol, which is recovered at any stage of LT decoding.
2.2. LDPC codes design in the physical layer
In this section, the selection of LDPC code rate Rc is studied to
maximize the throughput of encoded packets from the LT en-
coder. In this paper, Rc is adapted between Rc 2 [0.5,0.897].
Rc = 0.5 is selected as the lower value due to LDPC’s superior
performance. A 1/2 LDPC code with a packet length n= 504
can reach a bit error ratio (BER) of 106 at 3 dB under the
AWGN channel.20 The reason to take Rc = 0.897 as the upper
value will be explained in the following sections. To accommo-
date various ratios for LDPC codes, array codes are involved
for efﬁcient linear encoding and good performances.21 Deﬁned
on rings, array codes have an algebraic structure with the
framework to deterministic constructions. Array codes can
be viewed as binary codes when their parity-check matrices ex-
hibit sparseness, which can be decoded as LDPC codes using
the sum product algorithm (SPA).
The parity-check matrix H of an array code is speciﬁed by
three parameters: prime number p and two integers k and
j (j, k 6 p). k and j are speciﬁed as row weights and column
weights of matrix H, which has dimensions of jp · jk.
H ¼
I I I . . . I
I a a2 . . . ak1
I a2 a4 . . . a2ðk1Þ
..
. ..
. ..
. ..
.
I aj1 a2ðj1Þ . . . aðj1Þðk1Þ
2
6666664
3
7777775
ð10Þ
where I is the p · p identity matrix and a is a p · p permutation
matrix representing a single left or right cycle shift. Based on
the introduced parameters, the length of an encoded LDPC
codeword and the message part of the codeword are given
by Nt = k · p and KLDPC = (k  j) · p, respectively. The code
rate is calculated as Rc = KLDPC/Nt. Therefore, the length of a
ﬁnally formed codeword at the physical layer can be generally
expressed as
Nt ¼ Kþ 2S lnðS=dÞ þ PCRC þ Ph
Rc
ð11ÞFig. 4 Successful decoding ratio RLT inﬂuenced by d.
Table 1 Throughput performances of LDPC codes based on
various d.
d Lc Nt RLDPC
0.001 700 1400 0.9779
0.010 638 1276 0.9650
0.100 587 1174 0.9620
0.500 557 1114 0.9580
0.900 549 1098 0.95303. Cross-layer design and optimization
From Eq. (11), Nt is determined by d and Rc. Parameter d de-
cides the length of an LT codeword in the network layer, which
will be encoded by an LDPC encoder in the physical layer.
Parameter Rc determines the length of message symbols inside
a codeword once the size of the transmitted packet is deter-
mined. Different Rc affect performance of LDPC codes, result-
ing in affecting the overall system performances. Thus, there
must be trade-offs between layers by adjusting parameters to
achieve optimal performances.3.1. Throughput optimization in the network layer
First, the throughput inﬂuenced by d of LT codes is investi-
gated with a ﬁxed Rc for all channels. From the analysis of
the parameters in the network layer, Lc = K+ 2Sln (S/d)
and S is a monotonically decreasing function of d. As K is
the given size of source message symbols, Lc is also a monoton-
ically decreasing function of d:
Lc ¼ Kþ 2 lnðK=dÞ
ﬃﬃﬃﬃ
K
p
ln
lnðK=dÞ ﬃﬃﬃﬃKp
d
ð12Þ
which is denoted by a function of d as Lc = f1(d). The overall
system throughput Ts is determined by K, Nt, RLT, and RLDPC,
in which Nt = Lc/Rc with neglecting of the effects of Ph and
PCRC, while RLT and RLDPC are the recovered information ra-
tio in each layer. Based on the simulation results shown in
Fig. 4, the relationship between RLT and d can be matched
as an exponential function RLT = a
d with a basis a e (0,1).
In addition, the performance of LDPC codes in the physical
layer depends on the length of the formed codeword Nt. For
example, it was shown that a half-rate code having a block
length of 107 exhibited a performance within 0.004 dB of the
Shannon limit at a BER of 106.22 In this paper, a range of
d generates various Lc and different Nt are subsequently ob-
tained. Since there is no signiﬁcant difference for the length
of Nt, the throughput RLDPC over the fading channel has quite
similar performances.
Table 1 shows throughput performances of LDPC codes
based on various d under the condition of SNR= 4 dB over
Rayleigh fading channels.
When the factor of RLDPC is ignored, the system through-
put can be simpliﬁed as
Table 3 LDPC codes throughput over Rayleigh fading
channels (SNR= 9 dB).
p j k Nt Rc KLDPC RLDPC
29 3 29 841 0.897 754 0.540
29 4 29 841 0.862 725 0.890
29 5 29 841 0.828 696 0.962
29 6 29 841 0.793 667 0.978
29 7 29 841 0.759 638 0.982
29 8 29 841 0.724 609 0.984
Table 4 LDPC codes throughput over Rayleigh fading
channels (SNR= 10 dB).
p j k Nt Rc KLDPC RLDPC
29 3 29 841 0.897 754 0.1129
29 4 29 841 0.862 725 0.4768
29 5 29 841 0.828 696 0.7170
29 6 29 841 0.793 667 0.8136
29 7 29 841 0.759 638 0.8526
29 8 29 841 0.724 609 0.8648
Table 5 Impact of j on RLT for a range of d.
d RLT
j= 3 j= 4 j= 5 j= 6 j= 7 j= 8
0.01 0.999 0.993 0.983 0.933 0.706 0.292
0.05 0.997 0.991 0.982 0.953 0.859 0.583
0.20 0.998 0.996 0.984 0.979 0.932 0.828
0.50 0.998 0.996 0.984 0.970 0.932 0.853
0.90 0.998 0.996 0.984 0.970 0.932 0.853
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Lc
 ad ð13Þ
which can be denoted by Ts(d) = f2(Lc, d, a
d). Therefore, the
optimization problem is formulated as
maximize TsðdÞ ¼ f2ðLc; d; adÞ
subject to d > 0

ð14Þ
Eq. (14) represents that, in order to achieve the maximum
value of Ts, the parameter d is the only optimization variable.
Choosing a smaller d results in a smaller ratio of K/Lc and a
bigger value of ad as RLT, so the best value for d= 0.001 is
found by using the binary search algorithm.23
3.2. Throughput optimization in the physical layer
In this section, the code rate Rc is taken as the optimization
variable in the physical layer, which can be simpliﬁed as
Rc ¼ KLDPC
Nt
¼ ðk jÞ  p
k p ¼ 1
j
k
ð15Þ
From Eq. (15), Rc is decided by j and k. For a given array
code, if k is ﬁxed, a range of Rc can be obtained by adjusting j.
For LDPC codes, with increasing of SNR on wireless chan-
nels, the lower code rate, the better BER performance can be
achieved and the better throughput can be obtained. Increas-
ing j leads to a smaller Rc with a better throughput perfor-
mance RLDPC, which can be denoted by a monotonically
increasing function of j as RLDPC = f3(j).
For a codeword C of length Nt, as Rc becomes smaller by
increasing degree j, the length of the information message
KLDPC within the codeword C gets longer, which can be
denoted by a monotonically decreasing function of j as
KLDPC = f4(j).
Tables 2–4 shows LDPC codes throughput performance
under conditions of SNR= 8 dB, SNR= 9 dB, and
SNR= 10 dB over Rayleigh fading channels based on array
codes with parameters of p= 29 and j varying from 3 to 8.
From Table 2, it can be found that under the condition of
p= 29 and j= 3, the highest ratio of LDPC codes used in this
paper is Rc = 0.897.
As discussed above, KLDPC is decreasing when j increases.
Therefore, the successfully recovered information ratio in the
network layer RLT is also a monotonically decreasing function
of j, which is denoted by RLT = f5(j). Simulation results shown
in Table 5 conﬁrm the conclusion.
Thus, the overall throughput optimization problem in the
physical layer scenario becomesTable 2 LDPC codes throughput over Rayleigh fading
channels (SNR= 8 dB).
p j k Nt Rc KLDPC RLDPC
29 3 29 841 0.897 754 0.003
29 4 29 841 0.862 725 0.068
29 5 29 841 0.828 696 0.199
29 6 29 841 0.793 667 0.313
29 7 29 841 0.759 638 0.378
29 8 29 841 0.724 609 0.406maximize TsðjÞ ¼ f6ðK;RLT;RLDPCÞ
subject to jP 2

ð16Þ
The degree j is an important parameter for system perfor-
mances of cross-layer satellite multimedia transmission. On
one hand, degree j determines the performance of LDPC codes
over fading channels in the physical layer. On the other hand,
degree j controls the ratio RLT as the successfully retrieved
information in the network layer. The proposed cross-layer
optimization process is seeking the value of j, which can
achieve optimal throughput by balancing these two effects in
both layers. In general, the optimization problem is hard, as
RLT within the function f6(Æ) is a decreasing function of j; at
the same time, RLDPC in the function f3(Æ) is an increasing func-
tion of j. To ﬁnd the best solution, an exhaustive search meth-
od is introduced by listing all the values of RLT and RLDPC
based on various j to ﬁnd the best one suited for designated
objectives.
4. Simulations and results analysis
Simulation methods are applied to study the throughput per-
formance of the proposed cross-layer design scheme for satel-
1274 Z. Wang et al.lite multimedia transmission. The solutions of cross-layer opti-
mization problems are veriﬁed by results obtained with opti-
mal parameters as discussed above. In simulations, each data
frame consists of 500 source message symbols. The throughput
performances are shown in Figs. 5 and 6 with ﬁxed Rc and var-
iable Rc, respectively.
For throughput optimization with ﬁxed Rc, a (3,6)-regular
LDPC code with code rate RLDPC = 0.5 is used to accommo-
date the various sizes of the LT encoded codewords. As shown
in Fig. 5, for K= 500 information symbols, decreasing the
value of d leads to the increasing of redundancy and helps to
recover the codeword successfully in the network layer.
Trade-offs between LDPC codes in the physical layer and
LT codes in the network layer result in improvement of the
overall system throughput. The dashed curve of d= 0.001
shows the best throughput performance.
For throughput optimization with variable Rc, the relation-
ship between Rc and j is given by Eq. (8). As shown in Fig. 6,
due to high BERs of satellite channels, there is no information
received successfully with high-ratio LDPC codes at a low
SNR. Along with the SNR becoming larger, the throughput
increases. The throughput is related to degree j of array codes.
When SNR= 7 dB, the throughput performance of degree
j= 8 outperforms that of degree j= 4. However, when
SNR= 10 dB, the throughput performance of degree j= 4
is better than that of degree j= 8. Thus the degree shouldFig. 5 Throughput inﬂuenced by d with ﬁxed Rc for K= 500
information symbols.
Fig. 6 Throughput inﬂuenced by d with variable Rc for K= 500
information symbols.be selected with caution to balance system performances
within the whole SNR setting. As shown in Fig. 6, array codes
with degree j= 6 corresponding to Rc = 0.793 is the best solu-
tion to maximize the throughput performance.5. Conclusions
(1) The proposed cross-layer scheme combines ﬂexibility of
rateless transmission with LT codes and reliability of
channel coding with LDPC codes to maximize system
throughput of satellite multimedia transmission.
(2) By analyzing parameters of LT codes in the network
layer and LDPC codes in the physical layer, relation-
ships among various parameters are derived. Modeled
with optimization problems for maximum throughput,
the LDPC code rate Rc and the decoding failure proba-
bility d of LT codes with a ﬁnite codeword length con-
straint are found.
(3) Veriﬁed by simulation results, the proposed solution for
cross-layer parameters design can improve throughput
performance for satellite multimedia transmission.Acknowledgements
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